Protocols were developed for visualizing enzyme polymorphisms among rhodododendrons using starch gel electrophoresis. Genetic interpretation of nine enzyme systems comprising 15 polymorphic loci was facilitated by progeny testing of interspecific hybrid populations. In 53 of 58 segregations, phenotypic ratios at these loci fit Mendelian models for single gene inheritance at the diploid level. Dlsomic Inheritance was consistent across a diverse array of genetic backgrounds in complex hybrids averaging six species of Rhododendron per pedigree. The low frequency of segregation distortion in these highly Interspecific populations was attributed to two possible mechanisms: (1) lack of significant chromosomal differentiation among the Rhododendron species involved and (2) selection for chromosomal and genetic stability over many generations of rhododendron breeding.
The genus Rhododendron consists of -800 widely distributed and morphologically diverse species (Leach 1961) . This diversity has been exploited by horticulturists for >150 years, resulting in >5,000 named clones (Salley and Greer 1992) . North American cultivars are derived primarily from interspecific crosses within two taxonomic groups: lepidote species (subgenus Rhododendron sect. Rhododendron) characterized by small leaves with peltate hairs or "scales," and elepidote species (subgenus Hymenanthes sect. Ponticum) with large, nonscaly leaves. Crosses among species within sections are frequently fertile, but reproductive barriers limit the formation of hybrids between members of different sections or subgenera (Kehr 1977; Williams et al. 1990) .
Despite breeders' successes in generating recombinant characters in hybrid rhododendrons, few ornamental features have been genetically characterized. Some attention has been given to the inheritance of floral traits such as color or pigment composition (Harborne 1980; Heursel and Horn 1977; Mehlquist 1971; Santamour and Pryor 1973) and foliar characters such as leaf indumentum (Leach 1965; Mehlquist 1971; Smith 1965) or deciduousness (Pryor 1973) . Although there is evidence for single gene control of a few characters, others display segregation patterns characteristic of multigenic systems or maternal inheritance.
Many of these studies are inconclusive because limited populations and small progeny groups were used, or because progeny characteristics were described but distributions were not quantified. In addition, most inheritance studies to date have involved interspecific crosses, and genetic analysis of traits at this level can often be confounded by segregation distortion (Grant 1975) . It has been suggested that lethal factors, sexual incompatibilities, and chromosome pairing abnormalities operating at the interspecific level in rhododendrons could significantly reduce the usefulness of wide crosses for genetical analyses (Mehlquist 1979) . The identification of a large number of single gene markers in Rhododendron species would be useful for many biological, breeding, and commercial applications. One such class of markers-enzyme polymorphisms or isozymes-has proved over the past two decades to be a powerful tool in plant genetics, primarily because enzymes are often single gene products. Isozyme technology is most useful when the genetic basis of enzyme variability is understood, and plant genotypes can be inferred from electrophoretic banding patterns. Once the Mendelian inheritance of enzyme markers is established, they can be used, for example, to identify cultivars, verify hybrids, characterize polyploids, discriminate species, determine mating systems, and facilitate indirect selection (see reviews in Soltis and Soltis 1989; Tanksley and Orton 1983) . The objective of the present study was to develop electrophoretic techniques for visualizing rhododendron isozymes, and to characterize allelic variability and mode of inheritance at loci encoding these enzymes. Progeny testing was performed on interspecific elepidote populations, although some lepidote cultivars were characterized as well. The question of immediate interest was whether or not the high degree of genome complexity in these hybrids would affect Mendelian segregation of the enzyme markers.
Materials and Methods

Plant Material
Segregation data were collected on 3-to 10-year-old progeny arrays growing in fields at the Leach Research Station in Madison, Ohio. The parental genotypes were diploid (2n = 2x = 26) elepidote rhododendron cultivars and advanced selections derived from multiple interspecific hybridizations (Table 1) . Collectively, the 19 segregating populations used in this study comprised a minimum of 20 species and represented up to eight generations of breeding (Table 1 ). The average of six species per hybrid genome is a conservative estimate, because most of the crosses contained one or more parents of unknown origin in their pedigrees. Crude enzyme extracts were obtained from dormant vegetative and floral buds during fall and winter, or from newly expanded leaves during the spring and early summer.
Extraction
All extraction and electrophoresis procedures were performed at 4°C. The extraction buffer was a modification of the phosphate grinding buffer described by Soltis et al. (1983) : 0.1 M potassium phosphate, pH 7.5, 30 mM boric acid, 50 mM L-ascorbic acid, 17 mM sodium metabisulfite, 16 mM dlethyldithiocarbamic acid, 1 mM EDTA, 4% (w/v) PVrMO, and 0.1% (v/v) 2-mercaptoethanol, adjusted to final pH 7.5 with NaOH. Fresh extraction buffer was made every 2-3 weeks. Small pieces of bud or leaf tissue were placed in ceramic spot plate wells and ground with glass rods in extraction buffer at approximately a 1:5 (w/v) ratio.
Electrophoresis
Filter paper wicks were soaked in extracted tissue, blotted semi-dry, and inserted into 11% potato starch (Connaught Labs) gels. Two buffer systems were used for electrophoresis: a tris-citrate/lithium-borate system at pH 8.3 and a morpholinecitrate system titrated to pH 6.25 (Wendel and Weeden 1989) . The tris-citrate/lithiumborate gels were sliced and stained for phosphoglucoisomerase (PGI), phosphoglucomutase (PGM), and esterase (EST). Slices from the morpholine-citrate gels were assayed for aconitase (ACO), aldolase (AID), isocitrate dehydrogenase (IDH), leucine aminopeptidase (LAP), malate dehydrogenase (MDH), and phosphogluconate dehydrogenase (PGD). Assay conditions for EST, IDH, LAP, MDH, PGI, PGM, and PGD followed Soltis et al. (1983) , whereas the protocols of Conkle et al. (1982) were used for ACO and ALD.
Genetic Models
Electrophoretic phenotypes were determined for the parents of progeny groups already established in the field. Putative genotypes were assigned to parents based on assumptions about allelic variation, the number of enzyme loci involved, quaternary enzyme structure, and mode of inheritance. The genetic model for each cross was tested by x 2 goodness-of-fit between observed progeny segregation ratios and those expected based on the assigned parental genotypes. Yates correction was used for determining x 2 with only one degree of freedom.
Results
The nine enzyme systems described in this article represent those resolved most consistently to date. Adequate enzyme activity for most systems was obtained from a variety of tissues-dormant vegetative buds, floral buds, or expanding leavesthroughout the year. Exceptions were EST, which was active in dormant floral buds but not leaves or vegetative buds, and ALD, which was observed only in extracts from young leaf tissue.
Numerous enzyme polymorphisms were observed in a preliminary screen of 80 elepidote parents and seven lepidote hybrids. The lepidotes were not used for inheritance studies, but were included to characterize additional variability in a taxonomically divergent group. Of 16 putative loci encoding the nine enzymes, only one locus, Mdh-4, appeared to be monomorphic. The other 15 loci averaged 3.0 alleles per locus among elepidotes, and 4.4 among the combined sample of elepidotes and lepidotes. The most polymorphic loci were Idh-\ and Pgi-2, with seven and six variants, respectively.
Tests of allozyme inheritance at the 15 polymorphic loci are presented in Table 2 . In 53 of 58 segregations, progeny distributions showed acceptable fit to genetic models based on Mendelian inheritance of codominant alleles in a diploid organism. There appeared to be a random pattern to the few instances of distorted segregation; no single cross or enzyme locus had a noticeably high incidence of skewed ratios.
Discussion
Inheritance of isozyme markers in the genus Rhododendron is reported for the first time. The results demonstrate that polymorphisms produced by nine enzyme systems can be attributed to allelic variation at 15 loci. Four of the enzyme systems were characterized by a single segregating locus (ALD, EST, IDH, LAP), whereas isozymes appearing in the five other systems (ACO, MDH, PGD, PGI, PGM) were products of two or more loci. For ACO, additional variability has been observed at a locus designated Aco-2, but this locus has not yet been progeny tested.
The isozymes observed in rhododendrons exhibit most of the traits that make these biochemical markers useful in genetic research: allelic variability, codominant gene expression, complete penetrance, consistent expression in a variety of plant tissues and environmental conditions, and Mendelian inheritance at single gene loci. The quaternary structure and isozyme number observed for each of the nine enzyme systems are concordant with those found in many other plant genera (Weeden and Wendel 1989) and in general support the notion that gene duplications and subunit assembly are conserved processes (Gottlieb 1982) . Parental genotypes bd x dd bd x dd bb x ab cd x cd dd x ad bd x dd bd x dd ae x aa ac X aa ae x aa ac x aa ac x ac ac x aa ab x aa aa x ab ab x aa aa X ab ce x ce ce x cc ac x cc ce x cc be x bb bd x dd dd x cd dd x bd cd x dd cd x cc dd x cd cd x dd cd x cd bb x be be x bb cc x be bb x be ab x bb ab x bb bb x ab ab x bb be x cc ac x cc bb x ab ab x aa ab x bb bb x ab ab x bb ab x bb cc x cd ce x cc ce x cc ac x cd cd x ce ac x cc bb x ab ab x ab ab x be ab x bb bb x bd ab x bb Segregation ratios expected (observed) (165) cc (10:13) bb (13:4) ab (7:11) bb (17:6) bb (7:14) bb (10:9) bb (5:7) cd (11:14) ce(9:7) 1 cc: 1 ce (13:8) 1 ac:l ad:l cc:l cd (4:87:5) 1 cc:l cd:l ce:l de (7:10:5:3) 1 ac:l cc(14:6) 1 ab.l bb(llS) 1 aa:2ab:l bb (6:11:3) 1 ab:l bb:l ac:l be (3:77:6) 1 ab:l bb(8:12) 1 bb:l bd(8:13) 1 ab:l bb(13:6) Most rhododendron breeding programs, including the one at the Leach Research Station, are based on inter-rather than intraspecific crosses. The use of interspecific populations is frequently problematic for genetical research because of segregation distortion (Grant 1975) . Typically, the deficiency of an allele at a locus is consistent over several parents, suggesting that a gene or chromosome region containing that gene is selected against. Abnormal segregation ratios at the interspecific level are generally attributed to mechanisms such as gametic selection (Pham and Bougerol 1993) , differential zygote abortion (Gadish and Zamir 1987; Pham and Bougerol 1993) , or chromosomal differentiation (Kianian and Quiros 1992) . Because pollen incompatibilities and embryo abortion have been previously documented in intra-and interspecific Rhododendron crosses (Kho and Baer 1970; Padrutt et al. 1992; Williams et al. 1990) , segregation distortion was expected in this study.
In light of these and earlier predictions (Mehlquist 1979 ) of non-Mendelian inheritance in hybrid rhododendron populations, it is noteworthy that normal progeny distributions were observed in 53 of 58 segregations (91%). No one cross, locus, or allele was consistently prone to distortion, suggesting that its occurrence may have been due to chance rather than a result of the selective mechanisms described above. Reports of skewed ratios in woody plants are fairly common even at the intraspecific level (Torres 1989) , and in this context the 9% rate observed in the complex rhododendron populations appears quite low.
Segregation distortion caused by chromosomal differentiation frequently increases as the degree of evolutionary divergence among parent species increases (Kianian and Quiros 1992) . Conversely, the overall pattern of genetic stability in these rhododendron hybrids may be an indication of chromosome homology among the component elepidote species. Predominantly bivalent chromosome associations in interspecific F, hybrids were observed by Sax (1930) , who concluded that "there is complete or almost complete compatibility of the parental chromosomes in the hybrids, although the parents [Asian and North American rhododendrons] have probably been separated for millions of years." A study of azaleas also reported normal meiosis (rare univalents and lagging chromosomes) and fertility in natural hybrids among North American species (Li 1957) . Normal segregation in advanced interspecific populations may therefore result from homologies already present in the primary species crosses.
An alternative explanation is that the domestication process itself accounts for the genetic stability observed in advanced rhododendron hybrids. Where genomic differentiation is present, possibly at the intrasectional level but more likely in crosses at intersectional or higher levels, F, hybrids often abort or are characterized by reduced fertility and vigor (Kehr 1977; Leach 1961; Williams et al. 1990 ). However, chromosomal and genetic instability in these F,'s may have been overcome by selection for and repeated intermating of more vigorous and fertile individuals over many generations. It has been suggested that in this respect rhododendron breeding parallels the domestication process in Penstemon (Widrlechner 1982) . The creation of an interspecific gene pool for breeding garden penstemons was achieved by overcoming crossing barriers among isolated species, selecting fertile progeny, and forming an intermating population from these selected individuals (Viehmeyer 1958) .
The discovery of normal allozyme inheritance in the Leach breeding material suggests that there are fewer limitations than previously thought on the use of interspecific rhododendrons for genetical studies. This is encouraging, because intraspecific variability for some traits (e.g., flower color or cold hardiness) is often low, making it necessary to create interspecific populations in order to maximize polymorphisms and facilitate segregation analysis. In the absence of severe segregation distortion, complex hybrids from this germplasm pool could also prove useful for genetic mapping. Estimates of linkage relationships and recombination rates derived from such interspecific populations may be representative of those at the species level, reducing the need to construct composite maps (Kianian and Quiros 1992) .
Hybridization of species that vary dramatically in morphology and phenology has undoubtedly contributed to the biochemical diversity observed in the Leach breeding program. At the same time, a pedigree method of selection is employed, and many cultivars or species accessions are used repeatedly in crosses. This results in a moderately Inbred population structure and an expected reduction in genetic variability. Nonetheless, fairly high levels of isozyme diversity (3.0 alleles per locus among elepidotes) have been maintained after four to eight generations of selection within the germplasm pool. Sufficient enzyme polymorphisms are therefore available for a wide array of genetic and breeding analyses: for example, 57 of 61 (93%) Leach cultivars have been uniquely "fingerprinted" based on data from 10 enzyme loci, and this population included many sibling plants (Krebs, in press ).
These inheritance studies were facilitated by having progeny arrays already established in fields at the Leach Research Station. In the case of EST, an enzyme that was expressed primarily in overwintering floral buds, segregation among mature plants eliminated the usual 4-5-year wait from seed to flowering. However, most of the reported isozymes are readily visualized in leaf extracts from first-year seedlings, a feature that should enable researchers to make diagnostic crosses and screen populations fairly quickly. Variability in several additional enzyme systems remains to be characterized, and studies of inheritance in azaleodendron (azalea x rhododendron) crosses are planned. These progenies will provide tests of meiotic stability in hybrids between very divergent species. Further surveys of cultivated and natural populations will undoubtedly reveal additional variability, increasing the potential of isozyme markers to address a broad array of questions in rhododendron breeding and genetics.
